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I V  . 
Computer 'Analysis 
MCDIT-21, developed under our  f i r s t  y e a r ' s  g ran t ,  has  been 
u t i l i z e d  t o  ana lyze  n ine teen  s h e l l  impact problems. These ana lyses  
cons i s t ed  of determining t h e  e f f e c t  of s h e l l  t h i ckness  r a t i o s  and boundary 
cond i t ion  func t ions  on t h e  response of c y l i n d r i c a l  and c o n i c a l  s h e l l s .  
modified v e r s i o n  of MCDIT-21 has  been developed; t h i s  mod i f i ca t ion  
reduces by one-half t h e  computat ional  t i m e .  
A 
Experimental  Evalua t ions  
A photodiode p r o j e c t i l e  v e l o c i t y  measurement system has  been 
designed and b u i l t .  I n  a d d i t i o n ,  conclus ions  have been reached regard- 
i n g  material  p rope r ty  eva lua t ions  and t h e  u t i l i z a t i o n  of s t r a i n  gages 
and f o r c e  gages. 
Experimental  and A n a l y t i c a l  Comparisons 
W e  found t h e  measured e las t ic  wave v e l o c i t i e s  i n  c y l i n d r i c a l  s h e l l s  
w i t h  th i ckness  r a t i o s  of 0.052, 0.133, and 0.286 t o  be e s s e n t i a l l y  t h e  
p l a t e  wave v e l o c i t y .  
v e l o c i t y  used i n  our  t h i n  s h e l l  theory .  Furthermore, w e  found our  t h i n  
s h e l l  theory adequate ly  p r e d i c t s  t h e  p u l s e  magnitude and shape of longi -  
t u d i n a l  and c i r c u m f e r e n t i a l  s t r a i n s  i n  t h e  t h r e e  c y l i n d r i c a l  s h e l l  
specimens. 
Th i s  experimental  r e s u l t  ag rees  w i t h  t h e  wave 
P u b l i c a t i o n s  
Nine papers  have been submitted o r  accepted dur ing  t h i s  r e p o r t i n g  
per iod .  
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I. COMPUTER ANALYSIS 
A .  Solu t ions  
MCDIT-21 computer code, developed under t h e  f i r s t  y e a r ' s  g ran t  has  
been u t i l i z e d  t o  ana lyze  t h e  fol lowing s h e l l  impact problems. Package 1 2  
of t h i s  Code w a s  used f o r  t h e  c y l i n d r i c a l  s h e l l s  and Package 1 3  f o r  t h e  
c o n i c a l  s h e l l s .  
1. C y l i n d r i c a l  S h e l l s  
a. V a r i a t i o n  of Thickness Ra t ios  
i. The response of a c y l i n d r i c a l  s h e l l , w i t h  th i ckness  r a t i o s  
(h/R) of 0.1,  0.05, and 0.01 subjec ted  t o  a l o n g i t u d i n a l  v e l o c i t y  
impact p re sc r ibed  as a s t e p  f u n c t i o q w a s  obta ined .  
cond i t ions  w e r e :  
The p e r t i n e n t  
'i 
. ( o , t )  (Longi tudinal  v e l o c i t y )  = 1 . 0  
4 ( o , t )  (Ro ta t iona l  v e l o c i t y )  = 0 
Q ( o , t )  (Transverse shea r )  - 0  
The r e s u l t s  of t h e s e  computations are shown i n  F igs .  1 a ,  b, 
and c f o r  l o n g i t u d i n a l  stress, moment, and t r a n s v e r s e  shear  stress, 
r e s p e c t i v e l y .  Also included i n  t h e s e  f i g u r e s  are t h e  r e s u l t s  obtained 
from a modified membrane theory .  Th i s  membrane theory  d i f f e r s  from 
t h e  classical membrane theory  i n  t h a t  t r a n s v e r s e  shea r  deformation 
is  inc luded ,  y i e l d i n g  governing equat ions  of t h e  fo l lowing  form 
.. 
.. 
This  system of equat ions  (1) w a s  a l s o  so lved  by MCDIT 21 subjec ted  
t o  t h e  boundary cond i t ions :  
u = 1.0  
Q = O  
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ii. The response  of a c y l i n d r i c a l  s h e l h w i t h  h/R of 0 .1  and 
0.5 subjec ted  t o  a r a d i a l  v e l o c i t y  impact p re sc r ibed  as a 
s t e p  func t ion ,were  solved.  The boundary cond i t ions  were: 
& ( o , t )  ( r a d i a l  v e l o c i t y )  = 1.0  
N ( o , t )  ( l o n g i t u d i n a l  stress) = 0 
X 
M ( o , t )  (moment) - 0  
X 
The r e s u l t s  of t h e s e  computations are shown i n  F igs .  2 a, b y  
and c f o r  l o n g i t u d i n a l  stress, moment, and t r a n s v e r s e  shea r  stress, 
r e s p e c t i v e l y .  Again, r e s u l t s  ob ta ined  by so lv ing  t h e  modified 
membrane equat ions  are included i n  chese  f i g u r e s .  




t o  l o n g i t u d i n a l  v e l o c i t y  impact p re sc r ibed  as i n i t i a l l y  a ramp 
The response  of a c y l i n d r i c a l  s h e l l  (h/R = O.l), subjec ted  
followed by a cons t an t  v a l u s  w a s  so lved .  So lu t ions  were obtained 
f o r  three va lues  of rise t i m e s .  The boundary cond i t ions  used i n  
conjunct ion  wi th  Problem Package 1 2  were: 
) ; O t t f t  R i s e  1 (t/ i (o,t> = t R i s e  
C1 < t  ; t R i s e  - 
Figures  3 a ,  b y  and c show t h e  l o n g i t u d i n a l  stress, moment, 
and t r a n s v e r s e  shear  d i s t r i b u t i o n s ,  r e s p e c t i v e l y ,  f o r  va lues  of 
dimensionless  t = 0.1, 0.5, and 1.0. For comparison, each 
f i g u r e  inc ludes  t h e  d i s t r i b u t i o n  obta ined  by us ing  t h e  s t e p  
R i s e  
boundary cond i t ion .  
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ii. The response  of a c y l i n d r i c a l  s h e l l  (h/R = 0.1) sub jec t ed  
t o  r a d i a l  v e l o c i t y  impact w a s  solved s u b j e c t  t o  t h e  fo l lowing  
p resc r ibed  boundary condi t ions :  
; (0 , t )  = 5 
( 1  < t  ' t R i s e  - 
N ( o , t )  = 0 
Mx ( o , t )  = 0 
X 
Again, t h e  response w a s  computed f o r  each of t h e  t h r e e  va lues  
of dimensionless  t = 0.1, 0.5, and 1.0.  F igures  4 a ,  b y  and c 
show t h e  r e s u l t i n g  d i s t r i b u t i o n s  of . l ong i tud ina l  stress, moment, 
and t r a n s v e r s e  shear  stress, r e s p e c t i v e l y .  The corresponding 
R i s e  
'i 
r e s u l t s  f o r  a s t e p  input  are a l s o  included i n  t h e  f i g u r e s .  
2. Conical  S h e l l  (semi-vertex ang le  of 4 5 " )  
a. V a r i a t i o n  of Thickness .Rat ios  
- -  
The response of a c o n i c a l  she l1 ,wi th  h/R r a t i o  of 0 .1  and 0.05 sub- 
j e c t e d  t o  l o n g i t u d i n a l  v e l o c i t y  impact p re sc r ibed  as a s t e p  func t ion ,  w a s  
so lved .  The boundary cond i t ions  u t i l i z e d  f o r  t h i s  problem were: 
u ( s o , t )  = cos  ci = 0.707 
w ( s o , t )  = - s in  ci = -0.707 
Figures  5 a, b y  and c show t h e  mer id iona l  stress, moment, and t r a n s -  
verse shea r  stress d i s t r i b u t i o n s ,  r e s p e c t i v e l y .  The s o l u t i o n  t o  t h e  
same problem us ing  t h e  equat ions  from t h e  modified membrane theory  are 
a l s o  included i n t h e s e  f i g u r e s , T h e  boundary cond i t ions  used f o r  t h e  
membrane s o l u t i o n  were 
(s6,t) = .707 
G (so,t) =I -0.707 
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b. V a r i a t i o n  of R i s e  T i m e s  f o r  Ramp Boundary Condit ions 
i. The response  of a c o n i c a l  s h e l l  w i th  h/Ro = 0.1  w a s  
computed f o r  t h e  boundary cond i t ions  
.707 < t  ' t R i s e  - 
J I  (so&> = 0 
a- 
Figures  6 a ,  b ,  and c inc lude  t h e  r e s u l t s  of t h e s e  c a l c u l a t i o n s  
toge the r  w i th  t h e  corresponding jump response .  
\ 
B. Modi f ica t ion  of MCDLT 2 1  Computer Code 
The p resen t  MCDIT 2 1  computat ional  procedure i s  based on t h e  method 
of c h a r a c t e r i s t i c s .  The i n t e g r a t i o n  of t h e  governing equat ions  i s  
performed along t h e  c h a r a c t e r i s t i c  l i n e s  i n  t h e  phys ica l  p lane  (see 
Figure  7 ) .  The computat ional  procedure,  as it  e x i s t s  i n  MCDIT 21, pro- 
ceeds from t h e  l ead ing  c h a r a c t e r i s t i c  a long  a l e f t - runn ing  c h a r a c t e r i s t i c  
t o  t h e  boundary (x = 0). For example, t h e  f i rs t  computation s o l v e s  f o r  
a l l  v a r i a b l e s  a t  p o i n t  B (Figure 7), s i n c e  a l l  t h e  v a r i a b l e s  are known 
a t  p o i n t  A from t h e  i n i t i a l  cond i t ions .  The computation then  proceeds 
t o  t h e  l e f t  running c h a r a c t e r i s t i c  CDE where t h e  v a r i a b l e s  a t  p o i n t  D 
t hen  a t  p o i n t  E are c a l c u l a t e d ;  t h e  v a r i a b l e s  a t  t h e  p o i n t s  a long FG are 
c a l c u l a t e d  nex t ,  followed by t h e  p o i n t s  on l i n e  H I .  Th i s  procedure is  
cont inued u n t i l  s u f f i c i e n t  p o i n t s  are c a l c u l a t e d  f o r  t h e  use r .  The p o i n t s  
a t  which t h e  v a r i a b l e s  are c a l c u l a t e d  are included i n  t h e  shaded t r i a n g l e  
shown i n  F igu re  7 .  The reason  f o r  c a l c u l a t i n g  t h i s  e n t i r e  f i e l d  i s  t h a t  
t h e  u s e r  can  p resen t  h i s  r e s u l t s  as  e i t h e r  s p a t i a l  o r  temporal d i s t r i b u t i o n s .  
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However, much computer t i m e  is  wasted by t h i s  procedure when w e  d e s i r e  
t o  compare a n a l y t i c a l  r e s u l t s  wi th  experimental  r e s u l t s  ob ta ined  from 
t r ansduce r s  l oca t ed  a t  s p e c i f i c  l o c a t i o n s  along t h e  s t r u c t u r e .  I n  o rde r  
t o  reduce t h e  computer t i m e  f o r  t h i s  a p p l i c a t i o n  of MCDIT-21 a modified 
v e r s i o n  of t h e  computer code has  been completed and i s  descr ibed  i n  t h e  
next  paragraph. 
For t h e  purpose of desc r ib ing  t h e  essence  of t h e  mod i f i ca t ion  t o  
MCDIT-21,we w i l l  assume t h a t  a v a r i a b l e  of i n t e r e s t  (e .g .  s t r a i n )  has  
been measured exper imenta l ly  a t  a p a r t i c u l a r  l o c a t i o n  (x l ) ,and  from t h i s  
experimental  in format ion  w e  know t h e  t i m e  d u r a t i o n  of t h e  p u l s e  wi th  which 
w e  wish t o  compare. 
p lane ,  shown as PQ i n  F igure  8.  
W e  superimpose t h i s  t i m e  d u r a t i o n  onto  t h e  p h y s i c a l  
The computa t iona l  procedure begins  as 
descr ibed  above; v a r i a b l e s  a t  B are c a l c u l a t e d  f i r s t ,  t hen  v a r i a b l e s  
a long t h e  l e f t - runn ing  c h a r a c t e r i s t i c  CE are c a l c u l a t e d .  The mod i f i ca t ion  
t o  t h e  code i s  i n i t i a t e d  w i t h  t h e  c a l c u l a t i o n s  a long  t h e  le f t - running  
c h a r a c t e r i s t i c  FG. Ins t ead  of c a l c u l a t i n g  t h e  v a r i a b l e s  a long t h e  e n t i r e  
c h a r a c t e r i s t i c  l i n e  ( inc luding  t h e  po in t  on t h e  boundary), w e  h a l t  t h e  
c a l c u l a t i o n s  a t  p o i n t  G and move t o  t h e  next  le f t - running  c h a r a c t e r i s t i c  
and c a l c u l a t e  t h e  v a r i a b l e s  a t  t h e  p o i n t s  I and J .  
followed u n t i l  t h e  c a l c u l a t i o n s  a t  Q have been completed. 
Th i s  procedure i s  
I n  o rde r  t o  
o b t a i n  t h e  same t i m e  d u r a t i o n  (PQ) i n  t h e  o r i g i n a l  MCD'IT-21 code w e  would 
c a l c u l a t e  t h e  v a r i a b l e s  a t  a l l  p o i n t s  i n  t h e  t r i a n g l e  OMN, whereas i n  t h e  
modified v e r s i o n  w e  need t o  c a l c u l a t e  t h e  v a r i a b l e s  a t  only  those  p o i n t s  
i n  t h e  s t r i p  OEQM (shown as t h e  shaded reg ion  i n  F igure  8) .  Th i s  modified 
v e r s i o n  of MCDIT-21 y i e l d s  a cons ide rab le  saving i n  computer t i m e .  
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11. EXPERIMENTAL EVALUATIONS 
A. P r o j e c t i l e  Veloc i ty  Measurement System 
The purpose of t h i s  system i s  t o  measure t h e  v e l o c i t y  of a p r o j e c t i l e ,  
o r  impacter ,  p r i o r  t o  impact w i th  t h e  test  specimen. F igure  9 is a schematic 
diagram of t h i s  system, c o a s i s t i n g  of a pendulum impacter ,  photodiodes,  and 
l i g h t  s u rce ,  wh i l e  F igure  10 is  a photograph of t h e  a c t u a l  system. The 
pendulum impacter i nc ludes  t h e  Pendulum Arm,  S h e l l  Impacter,  and Cardboard Tab. 
I 
0 
The v e l o c i t y  of t h e  impacter i s  determined by l e t t i n g  t h e  Cardboard Tab 
pass  through a l i g h t  s i g n a l  emit ted by a l i g h t  source  t o  a photodiode 
osc i l l o scope .  The photodiode system (Fig.  9) i s  set  up as fo l lows .  Three 
photodiodes are monitored on t h e  osc i l l o scope .  
i n  such a way that ,  when t h e  lead ing  edge of t h e  Cardboard Tab i n t e r r u p t s  t h e  
The o s c i l l o s c o p e  is  ad jus t ed  
l i g h t  s i g n a l  t o  t h e  f i r s t  photodiode, t h e  scope i s  t r i g g e r e d  and i n i t i a t e s  a 
s i n g l e  sweep. On pass ing  through t h e  second and t h i r d  photodiodes t h e  
Cardboard Tab i n t e r r u p t s  each l i g h t  s i g n a l  which, i n  t u r n ,  i n t e r r u p t s  t h e  sweep 
on t h e  osc i l l o scope .  A t  t h a t  i n s t a n t  t h e  sc reen  is photographed and thus  
cap tu res  t h e  i n t e r r u p t i o n  of t h e  s i g n a l  of a l l  t h r e e  photodiodes.  
f o r  t h e  Tab ' s  l ead ing  edge t o  pass  from t h e  second t o  t h e  t h i r d  photodiode i s  
The t i m e  
determined by measuring t h e  d i s t a n c e  between i n t e r r u p t i o n s  on t h e  photograph, 
and then  r e l a t i n g  t h i s  d i s t a n c e  t c  u n i t s  of t i m e  by t h e  osc i l l o scope  sweep 
s e t t i n g . .  A Tekt ronix  timemark genera tor  w a s  used t o  c a l i b r a t e  t h e  time-base 
be fo re  and a f t e r  each test. 
The v e l o c i t i e s  of t h e  aluminum s h e l l  impacters ,  being used i n  t h e s e  
experiments,  have been obtained by t h e  system desc r ibed  above, and are l i s t e d  
i n  t h e  fo l lowing  t a b l e .  
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h -
Spec. N o .  h i n .  R 1, i n .  1, i n .  V e l .  f t / s e c .  
T-1 .052 -052 29-318 32-518 13.4 
T-13 .133 -133 29-9/32 32-12/32 13 .5  
T-14 .286 .286 29-9/32 32-13/32 13.0 
T-15 .375 .462 29-114 3 2-11 2 13.5 i 
1 A l l  specimens are 6061116 aluminum wi th  a p ropor t iona l  l i m i t  of 
40,000 PSI. They are 96.4% pure  aluminum. 
B. Material P r o p e r t i e s  
The d e c i s i o n  has  been made t o  u t i l i z e  t h e  s ta t ic  handbook o r  manufacturers  
l i s t e d  p r o p e r t i e s  f o r  t h e  materials t e s t e d  i n  t h e  low speed impact tests. 
The reason  f o r  t h i s  i s  t h e  f a c t  t h a t  t h e  s t r a i n x a t e  e f f e c t  does no t  apprec iab ly  
a l ter  t h e  e l a s t i c  r eg ion  of t h e  s t r e s s - s t r a i n  curve  ( e s p e c i a l l y  a t  our low 
\ 
v e l o c i t y  of impact) of t h e  material. I n  a d d i t i o n ,  t h e  technique of ob ta in ing  
meaningful dynamic s t r e s s - s t r a i n  p r o p e r t i e s  f o r  t h e  experiment under considera-  
t i o n  is s t i l l  no t  e x p l i c i t l y  developed; t h e  method of t r a n s l a t i n g  d a t a  from a 
dynamic test  i n t o  p r e c i s e  p r o p e r t i e s  is  no t  a s imple exe rc i se .  For example, 
'.-wave propagat ion e f f e c t s  should be considered i n  e s t a b l i s h i n g  t h e  dynamic 
p r o p e r t i e s ,  t hus  s t r a i n  and s t r a i n - r a t e s  vary  wi th  p o s i t i o n  of specimen. 
I n  t h e  f u t u r e ,  when w e  s tudy p l a s t i c  wave propagat ion  w e  w i l l  need t h e  
dynamic p r o p e r t i e s  of t h e  material s i n c e  a v a l i d  y i e l d  cr i ter ia  w i l l  be  based 
on t h e  p ropor t iona l  l i m i t  and t h e  non-p las t ic  p o r t i o n  of t h e  s t r e s s - s t r a i n  
i s  h ighly  a f f e c t e d  by t h e  s t r a i n - r a t e .  
These conclus ions  were based on material found i n  Goldsmith's  book, IMPACT, 
and conve r sa t ions  wi th  D r .  N.  C r i s t e s c u  and t h e  Materials Tes t ing  Laboratory 
a t  West inghouse. 
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C.  S t r a i n  Gages 
Below is  l i s t e d  a series of s ta tements  regard ing  our  f i n d i n g s  f o r  t h e  
i 
7 u s e  of s r a i n  gages,  adhes ives ,  and s u r f a c e  p repa ra t ion .  The l i s t  of r e fe rences  
are found a t  t h e  end of t h i s  Sec t ion .  
1. Frequency Response 
a. J . M .  Kra f f t ' ,  i n  reviewing t h e  frequency response of w i r e  
r e s i s t a n c e  s t r a i n  gages,  s ta tes  t h a t  t h e s e  gages are e x c e l l e n t  
f o r  t h e  s tudy  of wave propagat ion.  
2. S t r a i n  Giges 
a. W e  are p r e s e n t l y  us ing  1/8" long ,  open-faced, epoxy-backed 
s t r a i n  gages (Automation I n d u s t r i e s )  f o r  our  aluminum s h e l l  s t u d i e s ,  
however, Automation I n d u s t r i e s  i s  dropping smooth epoxy-backed gages.  
For f u t u r e  tests w e  w i l l  u se  t h e  gage descr ibed  i n  (b) below. 
b. A f t e r  t r y i n g  many gages f o r  ou r  a i r ' g u n  s teel  bar  impact s t u d i e s ,  
w e  have been most s a t i s f i e d  wi th  t h e  Micro-Measurement gage, 
EA-XX-125AD-120; t h i s  gage i s  a n  open-faced gene ra l  purpose gage wi th  
polyimide backing. The XX denotes  t h e  temperature  compensation (13 
f o r  aluminum and 06 f o r  steel). The E-option provides  a polyimide 
encapsula t ion  t o  p r o t e c t  t h e  gage su r face .  Many people  b e l i e v e  t h a t  
b e t t e r  t ransducer  accuracy can  be  obta ined  by avoiding t h i s  op t ion ,  
however, w e  have noted no d i f f e r e n c e  i n  experimental  r e s u l t s .  Option 
I' 
S is  a v a i l a b l e  w i t h  s o l d e r  do t  t e rmina l s  on t h e  t a b s ;  w e  have found 
t h a t  t h e  smallest q u a n t i t y  of s o l d e r  on t h e  t a b s  produced t h e  most 
r e p e a t a b l e  r e s u l t s .  W e  have decided t o  u s e  t h i s  Micro-Measurement 
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3 . .  Adhesives 
a. W e  have found t h e  GA-2 epoxy t o  be  u n s a t i s f a c t o r y  f o r  our  
a p p l i c a t i o n .  I n  a d d i t i o n ,  t h e  i n s t a l l a t i o n  process  f o r  t h i s  epoxy 
is  d i f f i c u l t  due t o  requi red  clamping p res su res .  
b. W e  are p r e s e n t l y  us ing  C e r t i f i e d  Eastman 910 o r  GA-1 w i th  epoxy 
backed, open-faced gages f o r  t h e  aluminum s h e l l  s t u d i e s .  C e r t i f i e d  
Eastman 910 was recommended f o r  our  a p p l i c a t i o n  by Perry2 , Weymouth’ , 
and Moyer3. I n  a d d i t i o n ,  Marshall4 (NOL) recommended t h e  C e r t i f i e d  
Eastman 910 adhes ive  w i t h  Micro-Measurement polyimide backed gages 
f o r  our  impact a p p l i c a t i o n .  Marsha l l  a l s o  emphasized t h e  importance 
of proper  s u r f a c e  p repa ra t ion ,  e s p e c i a l l y  removal of contaminants.  
Th i s  gage and adhes ive  were used by Marsha l l  i n  ob ta in ing  t h e  r e s u l t s  
publ i shed  i n  Refs .  5 and 6. 
‘, 
c. Perry2 recommended M Bond-600 adhes ive  i f  t h e  C e r t i f i e d  Eastman 
910 f a i l s .  
oven cu r ing ,  bu t  f o r  h igher  i npac t  v e l o c i t i e s  it may be  t h e  only  
accep tab le  adhesive.  
Th i s  M Bond-600 adhes ive  r e q u i r e s  clamping p res su re  and 
However, Marsha l l  claims t h a t  C e r t i f i e d  Eastman 
910 should be  adequate  i n  t h e  h ighe r  impact v e l o c i t y  r eg ion  as w e l l .  
? .  - - * -_ . - - .  
4 .  Surface  P r e p a r a t i o n  
a. W e  have found t h e  400 g r i t  paper t o  be most a p p r o p r i a t e  f o r  
aluminum and t h e  240 g r i t  paper b e s t  f o r  steel. 
b .  
our  humidity problems i n  t h e  l abora to ry ,  as  w e l l  as p r o t e c t i n g  t h e  
W e  have found that gage waterproofing i s  necessary because of 
gage from d i r t  and contaminants.  
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D. Force Gages 
A d e c i s i o n  t o  postpone t h e  u s e  of f o r c e  (or  stress) gages has  been made. 
B r i e f l y ,  t h e  reasons  are two-fold. F i r s t ,  impedance mismatch between imbedded 
t ransducer  and material i s  s t i l l  a problem which can cause  wave r e f l e c t i o n  
and wave i n t e r - a c t i o n  a t  t h e  i n t e r f a c e  y i e l d i n g  i n c o r r e c t  readings .  Second, 
t h e  experiment must be  one-dimensional f o r  t h e  t ransducer  t o  g ive  proper  
r e s u l t s .  Any s t r a i n i n g  i n  a d i r e c t i o n  o t h e r  than  t h a t  of p r i n c i p a l  a x i s  of 
t h e  t ransducer  d i s t o r t s  t h e  geometry of t h e  t ransducer  y i e l d i n g  i n c o r r e c t  
readings .  
l i t e r a t u r e  sea rch  (see Refs.  7-13). 
These conclus ions  w e r e  ob ta ined  by pe r sona l  communications and 
-13- 
111. EXPERIMENTAL AND ANALYTICAL COMPARISONS 
Our main r e sea rch  emphasis i n  t h e  las t  h a l f  of t h i s  r e p o r t i n g  
per iod  has  been t h e  comparison of experimental  and a n a l y t i c a l  responses  
f o r  c y l i n d r i c a l  s h e l l s  subjec ted  t o  a x i a l  impact. Three aluminum shells 
wi th  th i ckness  r a t i o s  (h/R) of 0.052, 0.133, and 0.286 were impacted by 
s h e l l s  of i d e n t i c a l  material p r o p e r t i e s  and c ross - sec t iona l  geometry. 
The v e l o c i t y  of t h e  impacting s h e l l  was measured by a photodiode 
system (see Sec t ion  1I.A); t h i s  v e l o c i t y  measurement s t i p u l a t e d  our  
boundary condi t ions  f o r  t h e  a n a l y t i c a l  s o l u t i o n s .  S t r a i n  gages measuring 
l o n g i t u d i n a l  s t r a i n  were mounted on t h e  s h e l l  a t  d i s t a n c e s  of l", 3", 
7.5", 15", 20", and 25" from t h e  impacted end; t h r e e  gages were mounted 
120' a p a r t  a t  t h e  3" l o c a t i o n  t o  determine s imul t ane i ty  of impact. 
S t r a i n  gages used t o  measure c i r c u m f e r e n t i a l  s t r a i n  were mounted a t  7.5" 
and 15" from impacted end. With t h e  responses  monitored from t h e s e  
gages we were then  a b l e  t o  compare t h e o r e t i c a l  and experimental  wave 
v e l o c i t i e s  and t h e o r e t i c a l  and experimental  s t r a i n  pu l ses .  
Before desc r ib ing  t h e  s p e c i f i c  r e s u l t s  from each of t h e  three 
c y l i n d r i c a l  specimens w e  w i l l  d i s c u s s ,  b r i e f l y ,  t h e  d a t a  a c q u i s i t i o n  
and test procedure.  The f i r s t  i t e m  t o  be  determined w a s  t h e  impact 
s imul t ane i ty  (e .g .  planeness  of wave) of each test .  Our procedure f o r  
determining t h e  s imul t ane i ty  of each test  w a s  t o  mount t h r e e  l o n g i t u d i n a l  
s t r a i n  gages,  120" a p a r t ,  a t  t h e  3" l o c a t i o n .  By monitor ing t h e s e  
three gages a record  of s imul t ane i ty  w a s  recorded f o r  each test on an  
o s c i l l i s c o p e .  
is  shown i n  F igure  13 . 
test i f  t h e r e  w a s  less than  3 microseconds d i f f e r e n c e  between t h e  a r r iva l  
t i m e s  a t  t h e  t h r e e  gages and i f  t h e r e  w a s  less than  5 percent  d i f f e r e n c e  
A t y p i c a l  o s c i l l i s c o p e  p i c t u r e  showing t h e  t h r e e  traces 
Simul tane i ty  w a s  considered accep tab le  f o r  a 
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i n  t h e  t h r e e  s t r a i n  p u l s e  magnitudes. 
t o  record  t h e  gage traces (a t o t a l  of t e n )  as it  w a s  necessary t o  run  
Two osc i l l o scopes  were a v a i l a b l e  
fou r  series of tests f o r  each specimen; 
s imul t ane i ty  and t h e  second scope w a s  used t o  record  t h e  traces of two 
o r  t h r e e  ( i f  chopped mode used) of t h e  remaining gages. 
of tests a t  least t h r e e  sets of accep tab le  d a t a  (good s imul t ane i ty )  w a s  
recorded. 
s t r a i n  gages and adhesives  used i n  t h e s e  tes ts  are descr ibed  i n  Sec t ion  
11-c * 
one scope w a s  used t o  determine 
For each series 
R e p e a t a b i l i t y  of t h e  tests w a s  found t o  be very  good. The 
The s t r a i n  d a t a  w a s  recorded on an  o s c i l l o s c o p e  through t h e  u s e  of 
an  E l l i s  BAM-1B br idge  a m p l i f i e r  tuned t o  a frequency response of 100 KC. 
Adjustments on t h e  E l l i s  a m p l i f i e r  and t h e  osc i l l o scope  a m p l i f i e r  
permi t ted  s t r a i n  s c a l i n g s  of 400 p i n / i n / d i v i s i o n  f o r  l o n g i t u d i n a l  s t r a i n  
and 200 p i n / i n / d i v i s i o n  f o r  c i r c u m f e r e n t i a l  s t r a i n .  I n  s e v e r a l  tests 
a scope a m p l i f i e r  chop mode w a s  used t o  record s imultaneously t h r e e  s t r a i n  
traces. The osc i l l o scope ,  set on s i n g l e  sweep, w a s  t r i g g e r e d  when t h e  
pendulum impacter  contac ted  t h e  s h e l l  specimen. To i n s u r e  t h e  accuracy 
of t h e  t i m e  scale on our  osc i l l o scope  traces a time-mark genera tor  w a s  
used. The procedure f o r  superimposing t h e  t i m e  marks on t h e  osc i l l o scope  
traces w a s  t o  double  expose t h e  Po la ro id  f i l m  by changing t h e  channels  
on t h e  o s c i l l o s c o p e  a m p l i f i e r  immediately a f t e r  t h e  s t r a i n  test  w a s  
completed and photographing t h e  t i m e  marks. 
A.  Wave Veloc i ty  Comparison 
I n  t h i s  Sec t ion  t h e  comparison of measured and a n a l y t i c a l  
l o n g i t u d i n a l  wave v e l o c i t i e s  is  presented .  The experimental  wave v e l o c i t i e s  
are obta ined  between succeeding s t r a i n  gages mounted a t  d i f f e r e n t  a x i a l  
l o c a t i o n s  a long  t h e  specimen s h e l l  (see Table  I f o r  l o c a t i o n  of 
l o n g i t u d i n a l  s t r a i n  gages) .  The wave v e l o c i t y  between two s t r a i n  gages 
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is  obta ined  by d iv id ing  t h e  d i s t a n c e  between t h e  gages by t h e  d i f f e r e n c e  
i n  arr ival  t i m e s  of t h e  pu l se  as monitored by each gage. 
as presented  i n  Table  I, are t h e  average measured wave v e l o c i t i e s  based 
The r e s u l t s ,  
on a t  least t h r e e  tests. Since t h e  wave v e l o c i t y  used i n  t h e  t h e o r e t i c a l  
l y s i s  i s  t h e  p l a t e  v e l o c i t y  each experimental  w a v e  v e l o c i t y  
I 
"?" 
i s  presented  as a r a t i o  of t h e  experimental  v e l o c i t y  t o  t h e  p l a t e  
v e l o c i t y .  Also included i n  Table  I are t h e  p r o p e r t i e s  of t h e  t h r e e  
c y l i n d r i c a l  s h e l l  specimens t e s t e d .  It i s  es t imated  t h a t  t h e  exper i -  
mental  v e l o c i t i e s  w e  obtained are w i t h i n  4 3% experimental  e r r o r .  
e r r o r  is mainly introduced i n  t h e  measurement of t h e  d i f f e r e n c e  i n  a r r i v a l  
t i m e s  bet6een two gages even though a 6 X  Edscorp pocket comparator f o r  
ana lyz ing  t h e  osc i l l o scope  photographs w a s  used. Typica l  o s c i l l o s c o p e  
Th i s  
traces showing l o n g i t u d i n a l  s t r a i n s  a t  v a r i o u s  a x i a l  l o c a t i o n s  are shown 
i n  F igs .  1 4  and 15; Figs .  16  and 17 con ta in  o t h e r  t y p i c a l  s t r a i n  traces. 
With t h e  r e a l i z a t i o n  t h a t  f o r  t h e  t h r e e  specimens t e s t e d  t h e  r a t i o  
of d i l a t a t i o n  v e l o c i t y  t o  p l a t e  v e l o c i t y  i s  1.15 and t h e  r a t i o  of b a r  
v e l o c i t y  t o  p l a t e  v e l o c i t y  i s  0.94 i t  can be concluded t h a t  t h e  longi -  
t u d i n a l  pu l se s  i n  specimen T-1 and T-13 t r a v e l  w i th  t h e  p l a t e  v e l o c i t y  
(wi th in  experimental  accuracy)  a long t h e  e n t i r e  l eng th  of t h e  specimens. 
However, i t  appears  t h a t  t h e  l o n g i t u d i n a l  p u l s e  i n  t h e  t h i c k e s t  specimen 
(T-14) i s  i n i t i a l l y  t r a v e l i n g  f a s t e r  than  p l a t e  v e l o c i t y  bu t  a f t e r  it 
has  t r a v e l e d  two o r  t h r e e  d iameters  down t h e  s h e l l  i t s  v e l o c i t y  i s  t h e  
p l a t e  v e l o c i t y ,  a l s o .  
B .  Comparison of Longi tudina l  S t r a i n s  
I n  t h i s  s e c t i o n  t h e  comparisons between experimental  and 
a n a l y t i c a l  l o n g i t u d i n a l  and c i r c u m f e r e n t i a l  s t r a i n s  are presented  i n  
Figs .  18, 19, and 20, f o r  each of t h e  t h r e e  specimens. The comparisons 




inches .  
by us ing  
I 
i 
end and t h e  c i r c u m f e r e n t i a l  s t r a i n  comparisons are shown a t  7.5 
The a n a l y t i c a l  r e s u l t s  shown i n  Figs .  1 8 ,  19, and 20 were obtained 
Package 12 of MCDIT-21 s u b j e c t  t o  t h e  boundary cond i t ions  
#'' v e l o c i t y  of pendulum impacter . \ 2 ' o<t<t d u r a t i o n  u (0 , t )  = 
' <t LO d u r a t i o n  
IjJ (0 , t )  = 0 
The magnitude of t h e  p re sc r ibed  l o n g i t u d i n a l  v e l o c i t y ,  & ( o , t )  , is  
equal  t o  one h a l f  t h e  measured v e l o c i t y  of t h e  pendulum impacter ( s ee  
Sec t ion  1 1 - A  f o r  impacter  v e l o c i t y  f o r  each specimen) and t h e  d u r a t i o n  
of p u l s e ,  tdura t ion '  
l eng ths  of t h e  s h e l l  iinpacter. 
IBM 360-65; a mesh s i z e  of 0.05" w a s  used f o r  each problem. 
i s  s p e c i f i e d  as t h e  t i m e  f o r  t h e  wave t o  t r a v e l  two 
A l l  computations w e r e  performed on a n  
F igure  18 c o n t a i n s  t h e  s t r a i n  comparisons f o r  Specimen T-1  
(h/R = 0.052). 
a t  3" and 7.5" are shown i n  F igure  18 (a )  and 18(b)  While t h e  c i r c u m f e r e n t i a l  
r e s u l t s  a t  7.5" ars shown i n  F igure  18(c). For t h i s  Specimen two a n a l y t i c a l  
r e s u l t s  are shown i n  each Figure ;  one based on a s t e p  boundary cond i t ion  
f o r  ; (o , t )  (see above) and t h e  o t h e r  based on a boundary cond i t ion  f o r  
; (o , t )  which involved a ramp of 4 p s e c s  followed by a cons tan t  v e l o c i t y  
(same v e l o c i t y  as used i n  s t e p  boundary cond i t ion )  f o r  t h e  remainder of 
p u l s e  du ra t ion .  The s t e p  a n a l y t i c a l  r e s u l t s  pr.oduce good p u l s e  magnitude ' 
and shape agreement wi th  experiment,  a l though t h e  experimental  l o n g i t u d i n a l  
s t r a i n  peaks t r a i l  t h e  a n a l y t i c a l  peaks due t o  t h e  i n i t i a l  f i n i t e  rise 
t i m e s  of t h e  experimental  s t r a i n .  
The a n a l y t i c a l  and experimental  l o n g i t u d i n a l  s t r a i n s  
-17- 
Figure  1 9  con ta ins  t h e  s t r a i n  comparisons f o r  Specimen T-13 
(h/R = 0.133). 
are based on t h e  s t e p  boundary cond i t ion  f o r  ; (o , t ) .  
The a n a l y t i c a l  r e s u l t s  presented f o r  t h i s  comparison 
The a n a l y t i c a l  
r e s u l t s  produce good p u l s e  magnitude and shape agreement wi th  t h e  
experimental  s t r a i n s .  
s t r a i n  peaks t r a i l  t h o s e  obta ined  a n a l y t i c a l l y ;  t h i s  e f f e c t  i s  more 
However , t h e  l o n g i t u d i n a l  and c i r c u m f e r e n t i a l  
I 
pronounced i n  Specimen T-13 than  i n  T-1. 
Figure  20 con ta ins  t h e  l o n g i t u d i n a l  s t r a i n  comparisons a t  l", 3", 
and 7.5" and t h e  c i r c u m f e r e n t i a l  s t r a i n  comparison a t  7.5". 
n o t e  good agreement f o r  p u l s e  magnitude and shape wi th  t h e  experimental  
Again we 
s t r a i n  peaks t r a i l i n g  t h o s e  obtained a n a l y t i c a l l y .  
Based on t h e  above s t r a i n  comparisons w e  can conclude t h a t  t h e  
t h i n  s h e l l  theory  used i n  MCDLT-21 adequately p r e d i c t s  t h e  l o n g i t u d i n a l  
and c i r c u m f e r e n t i a l  s t r a i n  p u l s e  magnitudes and shapes f o r  t h e  t h r e e  
s h e l l  specimens. However, w e  b e l i e v e  comparisons should be  made a t  t h e  
15" and 20" l o c a t i o n s  i n  order  t o  determine t h e  ex ten t  of t h e  t r a i l i n g  
' of t h e  experimental  stress peaks. Hopefully,  t h e s e  a d d i t i o n a l  comparisons 
would a i d  i n  f u r t h e r  a s c e r t a i n i n g  t h e  a p p l i c a b i l i t y  of t h i n  s h e l l  theory 
t o  t h i c k e r  s h e l l s .  
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I V .  PUBLICATIONS AND REPORTS 
L i s t ed  below are t h e  p u b l i c a t i o n s ,  p r e s e n t a t i o n s ,  and r e p o r t s  w r i t t e n  
to-da te  which have been supported by NASA Grant NGR 30-004-013. 
1. 
2. 
3 .  
4 .  





"Analysis of T rans i en t  S t r u c t u r a l  Response by t h e  Method of Charac- 
ter is t ics ,"  P. C .  Chou, presented  a t  t h e  Symposium on Trans i en t  Loads," 
NASA-LRC, November 1967. 
"Analysis of Axisymmetrical Motions of C y l i n d r i c a l  S h e l l s  by t h e  Method 
of C h a r a c t e r i s t i c s , "  P. C .  Chou, AIAA Journa l ,  Vol.  6 ,  No. 8 ,  August 
1968, pp. 1492-1497. 
"MCDIT-21 - A Computer Code f o r  One-Dimensional Elasti 'c  Wave Problems," 
R. Mortimer and J .  Hoburg, NASA CR-1306, A p r i l  1969. 
"The C l a s s i f i c a t i o n  of P a r t i a l  D i f f e r e n t i a l  Equat ions i n  S t r u c t u r a l  
Dynamics';" P. C .  Chou and R. Perry, presented  a t  A I M  S t r u c t u r a l  
Dynamics and A e r o e l a s t i c i t y  S p e c i a l i s t s  Conference, New Orleans,  
L a . ,  A p r i l  1969. 
"A New Theory f o r  Conical  S h e l l s  Amenable t o  Sharp Impact Analysis ,"  
R. Mortimer, p resented  a t  2nd Canadian Congress of Applied Mechanics, 
Univer,si ty of Waterloo , Canada , May 1969. 
"A General  Linear  Theory of Thick S h e l l s  of Revolut ion,"  R. Mortimer, 
P. C .  Chou and H. Kiesel, DIT Report 340-3, June  1969. 
"Elast ic  Impact of a Conical  B a r , "  R. Scha l l e r  and R. Mortimer, sub- 
mi t t ed  t o  5 t h  Southeas te rn  Conference f o r  T h e o r e t i c a l  and Applied 
Mechanics f o r  p r e s e n t a t i o n  and p u b l i c a t i o n  i n  Conference Proceedings.  
"A Uni f ied  Linear  Theory f o r  S h e l l s  of Revolution," R. Mortimer and 
P. C. Chou, F i n a l  Dra f t  being prepared f o r  submission t o  AIAA Journa l .  
"MCDIT-21 - A General Purpose Computer Program f o r  Solving One-Dimensional 
Elast ic  Wave Problems," R. Mortimer and J. Hoburg, submit ted t o  AIAA/ASME 
1 1 t h  S t r u c t u r e s ,  S t r u c t u r a l  Dynamics, and Materials Conference. 
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V. GENERAL 
A .  Personnel  Involvement 
2 - Facul ty ;  D r s .  P. C. Chou and R. W. Mortimer 
1 - I n s t r u c t o r ;  M r .  Joseph Rose 
4 - Graduate S tudents ;  Messrs. Blum, Carleone, Pe r ry ,  and Scha l l e r  
2 - Undergraduate S tudents :  Messrs. F l i s s  and Raisch 
O f  t h e  fou r  graduate  s t u d e n t s  l i s t e d  above, two are Ph.D. s t u d e n t s ,  
one i s  p r e s e n t l y  t ak ing  h i s  Ph.D. Candidacy Examination, and one i s  a M.S. 
s tuden t  who w i l l  t a k e  h i s  Ph.D. Examination i n  Spring 1970. M r .  Per ry  has  
j u s t  completed h i s  Ph.D. t h e s i s ,  M r .  S c h a l l e r  expec ts  t o  complete h i s  thesis 
i n  June  1970. These two t h e s e s  have been p a r t i a l l y  supported by t h i s  g ran t .  
B. Lec tures  
The Wave Propagat ion Research Center  sponsored a series of t e n  l e c t u r e s  
by D r .  N .  C r i s t e s c u  (Univers i ty  of Bucharest)  on t h e  t o p i c  of Dynamic 
P l a s t i c i t y .  
October 1969 
e .  
-" ,, 
The Center  is  sponsoring another  series of seminars s t a r t i n g  
on t h e  t o p i c  of Wave Propagat ion.  Speakers who have accepted 
to-date  inc lude  D r .  George Herrmann (Northwestern U n i v e r s i t y ) ,  D r .  Walter 
Herrmann (Sandia) ,  D r .  George Duvall  (Washington S t a t e  Un ive r s i ty )  and 
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Figure 8 - Physical Plane (Modified MCDIT-21) 
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S h e l l  
Impact 
Cardboard 1 r Photodiodes 
' I  ' 2  3' 
- - S l i t  Openings 
FRONT VIEW 
1, = d i s t a n c e  t o  c e n t e r l i n e  
of impact specimen 
1 = d i s t a n c e  t o  photodiode 
2 
Light  source  Photodiode 
F igure  9 .  Photodiode System 
Figure  10 .  Photograph of Photodiode System 
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ep f o r  Photodiode 2 
eep fo r  Photodiode 3 
Time  f o r  Tab to Pass from Photodiode 2 t o  3 
Figure IT. Sketch of Photodiode Traces 
=- Sweep f o r  Photodiode I 
SweeZj f p r  Photodiode 2 
Sweep f o r  Photodiode 3 
1 M i l l i s e c o n d  / div-fsion 
Figure 12. Photograph of Photodiode Traces 
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Scale 
400 l..~ in / in/cm 
20 1-1 sec/cm 
Figure 13  Simultanei ty  Osci l loscope Traces 
(h/R = 0.133) 
Sca le  
400 1-1 in/in/cm 
10 p sec/cm 
Figure 1 4  Longi tudinal  S t r a i n  Traces a t  1" and 3" 
(h/R = 0.286) 
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Sca le  
400 p in/ in/cm 
20 p sec/cm 
Figure  15 Longi tudina l  S t r a i n  Traces a t  3", 7.5", 15", and 20" 
(h/R = 0 .286)  
Sca le  
Gage 5 (Circum.) 
200 y in/ in/cm 
20 p sec/cm 
Gages 4 and 6 (Long. 
400 y in/ in/cm 
20 .F: sec/cm 
Figure  16  Ci rcumferent ia l  and Longi tudina l  S t r a i n  Traces 
(h/r = 0.052) 
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Scale 
Gage 5 (Circum.) 
Figure 17 Circumferential and Longitudinal 
(h /R = 0.286) 
Strain Traces 
200 p in/in/cm 
20 p sec/cm 
Gages 8 and 9 (Long 
400 p in/in/cm 
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